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ABSTRACT 

The variation of the ionospheric electron df nsity above 
Wallops Island during the solar eclipse of 7 March 1970 was 
investigated using ionograms obtained from 1200 to 1600 EST 
on March 7 and on March 6 (control day) . Comparison of the 
normalized densities (March 7 values/March b values) at fixed 
heights to the obscuration function indicates that 7 percent 
of the total ionizing flux was of coronal origin and that 
more flux originated from the Eastern half of the sun than 
from the Western half. The results are consistent with the 
East-West solar scans of the Algonquin Radio Observatory. 

The normalized densities were also compared to the theoretical 
prediction made by Stubbe prior to the eclipse. The difference 
between prediction and observation is due partly to the uniform 
disk radiation assumed by Stubbe. 


INTRODUCTION 


A solar eclipse provides a unique opportunity for the 
invest igat ion of a number of ionospheric problems. One group 
of problems is broadly concerned with studies of the ionizing 
sources which can be deduced from correlations between the 
solar obscuration and the resulting ionization. Another 
group of studies is concerned with the various production 
and loss mechanisms which control the response of the 
ionosphere at various altitudes. Eclipse effects on the 
ionosphere were first inferred from observations made during 
the eclipse of 1? April 1912. Since then, the ionospheric 
effects of about 40 solar eclipses have been studied with 
increasingly refined and comprehensive techniques. 

The eclipse of 7 March 1970 was of special interest for 
a number of reasons. It offered a long period of totality 
(ranging from 2 to 3 minutes) , and was visible at midday 
(when the solar zenith angle is relatively constant) from very 
accessible regions of the earth. In addition, the path of 
totality came very close to the rocket launch sites at Elgin 
Gulf Test Range, Florida (1) and Wallops Island, Virginia (2). 
A temporary launch site was also set up near East Quoddy, 

Nova Scotia (3) . The above circumstances made it possible to 
conduct very comprehensive observations, including in situ 
measurements of many ionospheric parameters, such as the 
density, composition, and temperature of both the neutral and 
ionized constituents. The unusual opportunity for correlative 
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studies makes it particularly desirable to analyze in detail 
the ionosonde observations at Wallops Island. 

EXPERIMENTAL DA TA 

For the geographical coordinates of the Wallops Island 
ionosonde (37.88° N, 75.48°W) the maximum obscuration (4) was 
98.99% at 150 km (1340:09 EST) and 98.02% at 250 km (1341:42 EST) . 
Since the ionospheric response follows most closely the obscur- 
ation function at altitudes of 150 km or less, the obscuration 
function (4) for 150 km was used for the present study. At 
this altitude the eclipse began at 1223 EST and ended at 
1454 EST. During the eclipse, the solar zenith angle at 
Wallops Island varied from 43.1° at first contact, to 47.5° 
at totality, to 57.0° at last contact; the sunspot number was 
108 (the previous 27 day mean was 133.7); the 2800 MHz solar 
flux (Ottawa) adjusted to 1 a.u. was 168.4 (the previous 27 
day mean was 181.8); the magnetic index AP was 42 (it rose 
to 149 on the following day) . The days prior to the eclipse 
were fortunately relatively quiet and the data for March 6 
(Ap - 25) were used as reference levels. A solar flare (rated 
between class 1 and 2) was in progress about one hour prior 
to the beginning of the eclipse at Wallops Island. This 
flare began at 1100 EST and lasted until 1150 EST. There 
were also two sub^lares close to the time of the eclipse, one 
starting ..t 1023 EST and the other one starting at 1517 EST. 

The J-5 ionosonde in use at Wallops Island provides soundings 
from 200 kHz to 20 MHz. Ionograms were taken at 30 second 
intervals during most of the eclipse. The high quality of 
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these ionograms is indicated by the examples shown on Fig. 1 
for the first half of the eclipse and on Fig. 2 for the 
second half of the eclipse. The ionograms for March 6, 1970 
are not shown but they are similar to the March 7 ionogram 
at 1259 EST. 

QUALITATIVE OBSERVATIONS 

The ionograms were much more disturbed during the second 
half of the eclipse (see ionograms for 1340, 1347 and 1424) 
than during the first half of the eclipse (see ionograms for 
1259 and 1320) . The 1259 and 1424 ionograms correspond to 
the same solar obscuration (about 35% of the solar disk 
covered) , yet the 1424 ionogram exhibits much more spread 
in the E-region and more intense sporadic E echoes. Prior 
to the eclipse the ionograms were similar to that of 1259. 

The sporadic E echoes increased slightly in intensity during 
the first half of the eclipse, and became much more intense 
during the second half. The sporadic E became weaker at the 
end of the eclipse, but it was still moderately strong 20 
minutes later (see 1519 ionogram) . Oblique echoes became 
quite pronounced at maximum phase (1340 ionogram) and during 
the second half of the eclipse. There was no evidence of an 
FI. 5 cusp, which is consistent with previous midlatitude eclipse 
observations (5). Also typical is the enhancement of the FI 
cusp near totality and during the second half of the eclipse 
(5). It is also of interest to note the appearance of echoes 
at the low frequency end of the ionogram at totality and 
during the second part of the eclipse. 
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On the control day during the corresponding period of 
time the ionograms showed either weak or no sporadic E. There 
was no spread, no oblique echoes, no echoes below 1.5 MHz, 
and very weak FI cusps. 

ELECTRON DENSITY PROFILES 

A selection of ionograms taken between noon and 4 pm on 
the eclipse day and on the previous day were used to calculate 
the corresponding electron density profiles. The techniques 
used to analyze the ionograms are discussed in the Appendix. 
Typical profiles corresponding to the first part of the 
eclipse are shown in Fig. 3. It is seen that the decay is 
monotonic at all altitudes and quite uniform below 200 km. 

The valley above Emax is shown as a dashed line because some 
assumptions are required in the valley calculation (see Appen- 
dix) . Typical profiles for the recovery phase are shown in 
Fig. 4. The recovery is fairly uniform up to altitudes of 
about 180 km, but at higher altitudes the densities continue 
to decay past the time of maximum obscuration. This time 
delay is more clearly shown in Fig. 5 where densities at constant 
heights a: ' plotted as a function of time. The minimum for each 
of the curves of Fig. 5 coincides very closely with maximum 
obscuration up to 180 km but occurs at increasingly later 
times at altitudes above 180 km. The profiles of Fig. 5 also 
exhibit a depression just prior to the beginning of the eclipse. 
This disturbance is probably related to the solar flare which 
occurred one hour prior to the beginning of the eclipse. The 
ionospheric behavior for the corresponding time period on the 
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previous day is shown in Fig. 6. The densities at constant 
heights on March 6 were quite uniform. The 150 km contour 
may appear somewhat irregular but this may be due largely to 
the uncertainty arising from the E-valley calculation. This 
uncertainty affects mostly the region immediately above the 
valley; it has little effect upon the contours above 150 km 
(see Appendix). 

DISCUSSION OF RESULTS 

In a recent paper (6) Stubbe predicted the behavior of 
the ionosphere above Wallops Island during the 7 March 1970 
eclipse and calculated the expected density variation at 150, 
180, 210, 240, 270 and 300 km. To permit a comparison w. th 
Stubbe 's predictions the results of the present ionogram 
analysis have been given for these altitudes (except at 300 km 
since in many cases this altitude was beyond the range of the 
ionogram data) . Simplified theoretical considerations also 
predict that the electron density variation in the lower 
portion of the ionosphere should be proportional to the square 
root of the incident ionizing flux, i.e. to the square root 
of the obscuration function for a uniform disk. The experi- 
mental results, Stubbe' s predictions and the [obscuration] 1 ^ 
curve are compared in Figures 7 and 8. The experimental curves 
were normalized by taking the ratio of the eclipse day to the 
control day densities. Stubbe' s curves were normai.ized in 
the same manner. At Emax , 150 km and 180 km (Fig. 7) the 
minimum of the normalized experimental data is in phase with 
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but greater than the minimum of the Lobscura tion] 1 ^ 2 curve. 

The value of this minimum is also remarkably consistent on 
the 3 curves. Stubbe did not show an Emax curve, but the 
minimum for Stubbe's curves at 150 and at 180 km is closer 
in value to the [obscuration] 1 ^ 2 curve. Stubbe's curves 
for these altitudes also exhibit a small time delay which is 
not seen on the experimental data. The experimental curves 
for 210, 240 and 270 km (Fig. 8) reveal a time delay for the 
minimum which is comparable to the delay predicted by Stubbe 
at 210 km, but greater than predicted at 240 and 270 km. 

The difference between the experimental data and the 
[obscuration] / curve is attributed to flux from the unobscured 
corona and to non-uniformity of the radiation from the solar 
disk. The [obscuration] 1 ^ 2 curve was recomputed by assuming 
that a fixed percentage of the ionizing flux came from the 
corona and was not subject to obscuration. The percentage was 
determined by assuming that th#= minimum value of the [obscuration] 1 ^ 2 
curve should agree with the minimum value of curve 2 at Emax 
(Figure 7) . The resulting coronal flux was 7 percent of the 
total flux. This is consistent with the results of similar 
calculations performed for other solar eclipses, which show 
typically that 10 to 20 percent of the ionizing flux is of 
coronal origin. This modified [obscuration] 1 ^ 2 curve is a 
first order estimate of the variation in electron density which 
one might expect at Emax, and the difference between the two 
is a measure of che non-uniformity of the solar disk radiation. 
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This differer.ce is the quantity A 0 shown as a function of 
time on Figure 9. Also shown on Figure 9 is the visible 
obscuration of the disk at various times. These times are 
also Indicated by arrows next to the A 0 curve. It is seen 
that ^0 i 8 positive at 1300 and 1320, i.e. greater than 
expected from a uniform disk. It is also seen that at 
those two times the very active regions (617 and 618) on 
the eastern side of the sun are still uncovered, which sug- 
gests that these regions are responsible for the flux excess 
on the eastern half of the sun. Conversely at 1400, 1420 
and 1430 when these regions are covered there is a deficiency 
of flux. The correlation is poorer at 1440 where regions 617 
and 618 appear fairly well uncovered and A 0 is still negative. 
The overall picture, nevertheless, leads one to conclude that 
more ionizing flux originated from the eastern side of the 
sun than from the western side. This is consistent with the 
10.7 cm East-West solar scan conducted by the Algonquin Radio 
Observatory, Canada at 1723 UT on 7 March 1970, which shows 
that 65% of the total 10.7 cm flux came from the eastern half 
of the sun. The East-West scans also show that 8 percent of 
this flux came from outside of the photosphere. The East-West 
asymmetry and the coronal flux are certainly factors which 
contribute to the difference between Stubbe's predictions and 
the experimental observations. A more complete evaluation of 
Stubbe's analysis cannot be made until his calculations are 
repeated using a more realistic variation of the ionizing flux. 
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APPENDIX 


C a lculatlon of Electron Density Profiles from the Ionograms 

There are two basic and well-known problems associated 
with the calculation of electron density profiles from day- 
time ground-based soundings. First, the ionograms usually 
exhibit a major discontinuity because the electron density 
does not increase monotonical ly with altitude from the E 
to the F regions (E-valley problem). Second, the ionograms 
do not show echoes for f<1.0 MHz (starting point problem). 
Fortunately some experimental data are available which can 
be used to reduce the above uncertainties, and in some cases 
the Joint use of both ordinary and extraordinary echoes can 
provide estimates of the depth of the E-valley. 

Midday rocket measurements at Wallops Island (7) have 
shown that the electron density at 80 km is typically 1000 el/cc 
and that this density increases exponentially up to the density 
at which the ionosonde data begins. Cross modulation experi- 
ments conducted at Kjeller, Norway (8) gave midday electron 
densities at 80 km ranging from 1000 to 4000 el/cc. In the 
actual analysis it was assumed that the density at 80 km was 
a fixed percentage (2%) of the density at Emax, thereby intro- 
ducing some correction for the obscuration. Below 80 km the 
density is assumed to be zero. Changing the assumed density 
at 80 km by a factor of 2 changes the densities shown at 150, 
180, 210, 240 and 270 km by typically less than 2%. 

Midlatitude, midday rocket data (9), (10) show that the 
minimum E-valley density is typically 80 to 90% of the density 
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at Emax. ThiF result has also been supported by calculations 
based upon the Joint use of the ordinary and extraordinary 
traces in ionograms (11). The "start** and "valley" assumptions 
are illustrated graphically on Figure 10 which shows the 
resulting profile (for 1519 EST on 7 March 1970) for no E-valley, 
an 80% valley and a 60% valley. The shape of the valley (a 
triangular wedge on this semi -logar 1 thmic plot) is one of 
many assumed by other authors (11), (12). It is physically 
unrealistic but convenient for computer programming. Further- 
more the shape of the valley Is too variable to justify the 
use of a more aesthetic representation. The purpose of the 
valley is to modify the profile above the valley ( ather than 
to provide meaningful data within the valley). The profiles 
shown in Fig. 10 would normally be derived from the ordinary 
trace. These profiles and two additional ones for a 90% and 
a 70% valley respectively have been used to compute the family 
of extraordinary traces above Emax shown in Fig. 11. The 
solid data which represent the observed X-trace are seen to 
agree best with a valley of 80%. 

Ionogran s , unfortunately, do not always lend themselves 
to the type of verification illustrated in Fig. 11. Had we 
attempted to do likewise with the ionogram for 1259 EST on 
7 March 1970, the result would have been as shown on Fig. 12. 

In this case the test would be inconclusive because the separa- 
tion between the computed X-traces is small compared to the 
scaling uncertainty. With no error in scaling one would expect 
the measured points to agree with the calculated curves in the 
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region where these curves converge. Since the computed X- 
traces are baseo upon profiles derived from O-traces, the 
computed X-traces are affected by errors in the O-trace 
scaling. Thus the discrepancy shown on Fig. 12 arises from 
errors in the scaling of both the 0- and the X-traces. 

The ionograms used for the eclipse study were analyzed 
assuming that the E valley was 80% of Emax in all cases, 
since this value seemed to be representative for midlatitude, 
midday conditions, and also since this value gave a satis- 
factory 0-trace, X-t.race agreement in the cases when this 
test could be performed. Based upon available evidence, it 
seems very unlikely that the valley minimum was less than 
70% or greater than 90% of Emax for the profile at 1519 EST 
on 7 March 1970. This would yield a maximum uncertainty in 
density of +_ 13% at 150 km, + 7% at 210 km and + 1% at 270 km. 
The analysis technique and associated formulas were basically 
the same as those used for topside ionograms (13). In fact, 
the program used is a modification of the topside program in 
which the ground-based sounding (with the virtual heights 
reduced by 80 km) are treated as ionograms obtained from a 
sounder located at an altitude of 80 km. In view of the many 
improvements required and incorporated in programs for the 
reduction of topside ionograms (13) , the retention of these 
features in the analysis of ground-based soundings makes this 
analysis slightly more refined than is really necessary. 
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1. Representative Wallops Island ionograms taken during 
the first half of the eclipse. 

2. Representative Wallops Island ionograms taken during 
the second half of the eclipse. 

3. Representative electron density profiles over Wallops 
Island during the first half of the eclipse. 

4. Representative electron density profiles over Wallops 
Island during the second half of the eclipse. 

5. Electron density at fixed altitudes during the eclipse. 

6 . Electron density at fixed altitudes for the control 
day. 

7. Normalized observations and predictions (Stubbe) 
compared to the square root of the obscuration 
function. 

8 . Normalized observations and predictions (Stubbe) 
compared to the square root of the obscuration 
function . 

9. Obscuration of the solar disk and the quantity 

- 0 - 0 where 0 ^ is the percent flux inferred 

from the electron density variation at Emax and 0 2 
is the percent flux based upon the obscuration of a 
uniform disk emitting 93% of the total flux. 

10. Diagram illustrating assumptions made in the analysis 
of ground-based ionospheric soundings. 
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Figure 11. Calculated X traces for electron density profiles 
based upon the O-tiace analysis and for various 
assumed E-valley depths. 

Figure 12. Calculated X traces for electron density profiles 
based upon the O-trace analysis and for various 
assumed E-valley depths. 
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